Planned cesarean delivery comprises a significant proportion of births globally, with combined rates of planned and unscheduled cesarean delivery in a number of regions approaching 50%. Observational studies have shown that offspring born by cesarean delivery are at increased risk of ill health in childhood, but these studies have been unable to adjust for some key confounding variables. Additionally, risk of death beyond the neonatal period has not yet been reported for offspring born by planned cesarean delivery.
Such high rates demand an understanding of the longer-term consequences. Cesarean delivery offers safety advantages in obstructed labor and breech presentation and in the presence of a cesarean scar, but the World Health Organization (WHO) reports that 10% of births involve prelabor cesarean delivery without medical indication. 2, 3 Although nonmedically indicated cesarean delivery could potentially offer safety advantages, such as reduced risk of offspring cerebral palsy attributable to birth-related hypoxia, recent evidence does not support this. 4 A favorable safety profile, with low maternal mortality of 0.001%, has facilitated societal acceptance of cesarean delivery. 5 In the United Kingdom, women and health professionals are encouraged to consider short-and medium-term consequences of cesarean delivery during preoperative discussions, including the likelihood of postsurgical wound infection (9%-10%) and future placental problems. 2 Discussion of short-term offspring risks, including respiratory compromise, is advised, but consequences beyond the neonatal period are not routinely considered. Planned cesarean delivery means offspring circumvent the normal labor-induced activation of the hypothalamic-pituitaryadrenal axis, and lack of exposure to maternal bowel flora, in addition to perioperative antibiotic use, alters neonatal microbiome development. 6, 7 Experimental data have linked avoidance of labor to altered offspring stress response, immune function, and epigenetic changes. [8] [9] [10] [11] This may explain why asthma-related illness, obesity, and type 1 diabetes are more common following cesarean delivery. [12] [13] [14] [15] There is a recognized need for robust assessment of the relationship between cesarean delivery and offspring health, because previous studies have been unable to adjust for key confounders or to separate planned from unscheduled (emergency or intrapartum) cesarean delivery. 2, [13] [14] [15] Our aim was to explore the association between planned cesarean delivery and chronic illness and death in offspring using a national birth cohort.
Methods
Study approvals were obtained from the Privacy Advisory Committee of Information Services Division Scotland, the Caldicott Guardians for NHS Scotland Health Boards and the North of Scotland Research Ethics Committee. The latter approved use of anonymized data without specific consent from study participants.
Study Population
This retrospective cohort study identified all term (≥37 completed weeks of gestation) singleton live births in first-time mothers between January 1, 1993, and December 31, 2007 , in Scotland, United Kingdom. Offspring were followed up until January 2015. Offspring with missing or implausible data on date and mode of delivery, gestation, birth weight, or sex (less than 0.1% of cases for each variable) were excluded.
Databases
The study population was identified from the Scottish Morbidity Record (SMR02) database, which contains social demographic and clinical data on all deliveries in women discharged from Scottish maternity hospitals since 1980. SMR02 quality assurance assessment demonstrates accuracy of 98% for offspring sex, date of delivery, and birth weight; 90% to 94% for smoking status, estimated gestation, and pregnancy number; and 97% for cesarean delivery as mode of birth. 16 
Exposure Status
Births were defined as "planned cesarean delivery" if cesarean delivery was recorded in the SMR02 as "scheduled," whereas all remaining cesarean deliveries recorded in the SMR02 were considered "unscheduled." A cesarean delivery is defined by the Information Services Division as scheduled when performed during the day, with both staff and patient fully prepared.
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Covariates
The following covariates were obtained from the SMR02: maternal age at delivery in years, maternal BMI in pregnancy (calculated as weight in kilograms divided by height in meters squared); gestation at delivery (weeks); Carstairs decile (ordinal measure from 1 [most affluent] to 10 [most deprived] derived from 1981 and 2001 census data on social class, car ownership, male unemployment, and overcrowding) 23 ; maternal smoking status during pregnancy; year of delivery; offspring sex; and birth weight (g). Further data were obtained on maternal salbutamol inhaler prescription from the Prescribing Information
The risk of chronic childhood illness or death following planned cesarean delivery among term first-born singleton infants was compared with risk among offspring born by unscheduled cesarean delivery, who are likely to have been exposed to labor for varying periods of time, and with risk among offspring delivered vaginally.
Outcomes Primary Outcome
Risk of asthma requiring hospital admission was assessed using the full 1993-2007 cohort.
Secondary Outcomes
The following outcomes were analyzed using the full cohort, providing up to 21 years of follow-up: inflammatory bowel disease, type 1 diabetes, cancer, and death. Additional analyses assessed risk of death up to, and beyond, age 1 year to allow assessment of potential confounding by indication for cesarean delivery. A 2004-2007 birth cohort was used to assess risk of obesity at age 5 years, in which 80% of births (those with complete outcome data) were included. Salbutamol inhaler prescription at age 5 years was assessed using a complete 2004-2007 birth cohort.
The study was designed to provide 95% power to detect a clinically and statistically significant difference of 1% in incidence of asthma requiring hospital admission (population incidence, 3.5%) following planned cesarean delivery, compared with vaginal birth at a significance level of 5%.
Statistical Analysis
Continuous variables were summarized by exposure group using mean and standard deviation for normally distributed data or median and interquartile range for skewed data. Comparisons between the groups were made using t test or the Mann-Whitney U test, respectively. The P values for all hypothesis tests were 2-sided at a 5% significance level.
To study the associations with planned cesarean delivery over time, hazard ratios (HRs) were calculated for each outcome using Cox proportional hazards models. The time origin was taken as the date of delivery, and the end point was either the end of followup (censored) or the event of interest. For outcomes for which time at risk was the same for all offspring, and for consistent estimation purposes, the relevant duration was included in the Cox model. The proportional hazards assumption of the Cox model was tested using plots of the log of the negative log of the survival function against log of time for each comparison group.
Hazard ratios were adjusted for prespecified confounding factors based on expert knowledge and published literature. For all outcomes, the following potential confounding factors were included as covariates: maternal age; maternal Carstairs decile; maternal smoking status; estimated gestation at delivery; offspring birth weight; offspring sex; year of delivery; and breastfeeding status at age 6 weeks. Maternal salbutamol inhaler prescription was included in the models assessing risk of asthma requiring hospital admission and salbutamol inhaler prescription at age 5 years. The model assessing risk of type 1 diabetes was also adjusted for maternal type 1 diabetes. Risk of obesity at age 5 years was additionally adjusted for maternal BMI. Because maternal BMI was only available for a minimum of 50% of cases from 2004 onward, it was not included in the models assessing risk of the other outcomes.
Missing values relating to Carstairs index, smoking status, breastfeeding, and maternal BMI were imputed using multiple imputation. Observed characteristics of women with missing data differed from those with complete data, supporting the missing-at-random assumption (as opposed to missing completely at random) required for multiple imputation (eTables [1] [2] [3] [4] in the Supplement). 24 Ten imputed data sets were generated using the Markov Chain Monte Carlo method, because the efficiency of an estimate obtained from 10 imputations relative to one obtained from an infinite number of imputations has been shown to be 95%, even when 50% of data are missing. 25 All available demographic and clinical variables were used to inform the imputation process, as reported in eTables 5-8 in the Supplement. Continuous variables were log transformed to ensure normal distribution, a requirement for multiple imputation. The Cox models were fitted to each imputed data set, and a pooled result was obtained for estimates of effect.
Sensitivity Analyses
To assess the effects of multiple imputation on the main study findings, a sensitivity analysis was performed that involved complete case analyses for each outcome studied. All statistical analyses were conducted using IBM SPSS version 22 (IBM SPSS).
Results
Of the 323 145 records obtained on liveborn singleton deliveries at or beyond 37 weeks' gestation to primiparous women, 321 287 were eligible for inclusion in the analysis. The process involved in deriving the study cohorts is outlined in the Figure. Data were missing on deprivation level (0.3%), maternal smoking (11.0%), breastfeeding (37.5%), and maternal BMI (49.9% in the cohort that used maternal BMI).
Between 1993 and 2007, 12 355 offspring (3.8%) were born by planned cesarean delivery, 56 015 (17.4%) by unscheduled cesarean delivery, and 252 917 (78.7%) by vaginal delivery. The rate of planned cesarean delivery increased across this period from 3.3% to 4.1%. Mean duration of follow-up of the full cohort was 14.8 years (SD, 4.4). Demographic and clinical characteristics of the planned cesarean delivery group and both comparison groups are reported in Table 1 .
Planned vs Unscheduled Cesarean Delivery
Outcomes of planned cesarean delivery compared with unscheduled cesarean delivery are reported in Table 2 .
Primary Outcome
There was no significant difference in the risk of asthma requiring hospital admission when comparing offspring born by 
Planned Cesarean Delivery vs Vaginal Delivery
Sensitivity Analyses
Complete case analyses comparing outcomes following planned cesarean delivery with unscheduled cesarean delivery demonstrated no significant differences in risk of any outcomes studied, as reported in Table 4 . Complete-cases analysis revealed a significantly increased risk of offspring obesity at age 5 years following planned cesarean delivery compared with vaginal birth, but no significant differences in risk of salbutamol inhaler prescription at age 5 years, asthma requiring hospital admission, inflammatory bowel disease, cancer, or death up to age 21 years. These results are reported in Table 5 .
Discussion
Summary of Main Findings
In this national cohort of 321 287 offspring, planned cesarean delivery in a first pregnancy was associated with a small increase in risk of offspring asthma and death in childhood when Abbreviations: HR, hazard ratio; IBD, inflammatory bowel disease. a Asthma indicates the primary diagnosis made during an admission to hospital; IBD indicates the primary diagnosis made during an admission to hospital; type 1 diabetes indicates a formal diagnosis made prior to registration on a national clinical database; cancer indicates a validated diagnosis (at any age) recorded on a hospital administrative data system, screening data set, death record, or community prescribing record and subsequently recorded on a national cancer registry; death indicates a death recorded through mandatory national reporting system; obesity at age 5 years reflects a body mass index exceeding the 95th centile for age; salbutamol at age 5 years indicates that a prescription for salbutamol inhaler has been issued for the offspring during the calendar year in which they turned 5 years old. Abbreviations: HR, hazard ratio; IBD, inflammatory bowel disease. a Asthma indicates the primary diagnosis made during an admission to hospital; IBD indicates the primary diagnosis made during an admission to hospital; type 1 diabetes indicates a formal diagnosis made prior to registration on a national clinical database; cancer indicates a validated diagnosis (at any age) recorded on a hospital administrative data system, screening data set, death record, or community prescribing record and subsequently recorded on a national cancer registry; death indicates a death recorded through mandatory national reporting system; obesity at age 5 years reflects a body mass index exceeding the 95th centile for age; salbutamol at age 5 years indicates that a prescription for salbutamol inhaler has been issued for the offspring during the calendar year in which they turned 5 years old.
b Adjusted for maternal salbutamol prescription.
c Adjusted for maternal age, gestation at birth, maternal Carstairs decile, maternal smoking status, birth weight, year of delivery, male infant, and breastfeeding at 6 weeks. d Adjusted for maternal type 1 diabetes mellitus.
e Sample size excludes those offspring that died in the first year.
f Adjusted for maternal body mass index.
Interpretation
The increased risk of offspring asthma following planned cesarean delivery when compared with vaginal birth, but not with unscheduled cesarean delivery, suggests that vaginal birth rather than exposure to labor may offer some protection from asthma. An increased adjusted risk of both salbutamol inhaler prescription and asthma requiring hospital admission adds weight to the hypothesis that avoidance of exposure to maternal bowel flora may affect development of T-cell-mediated asthma. 26 Similar mechanisms have previously been hypothesized to explain increased incidence of type 1 diabetes, inflammatory bowel disease, and cancer following cesarean delivery. 15, 27, 28 Such associations were not demonstrated when compared with vaginal birth in this study, suggesting that, if causal, such an effect may have been too small to be detected in this cohort. The increased risk of type 1 diabetes following planned vs unscheduled cesarean delivery was unexpected. There is a lack of evidence that circumstances specific to unscheduled cesarean delivery would be protective against type 1 diabetes; moreover, reports suggest that perinatal stress, commonly present prior to unscheduled cesarean delivery, may increase risk of offspring type 1 diabetes. 29 In the absence of a clinical explanation, the borderline statistical significance of the findings support that these may be attributable to type I error. The increased risk of offspring death following planned cesarean delivery compared with vaginal birth (absolute risk, 0.7% vs 0.4%) is in keeping with previous reports on neonatal mortality. 30 Death of an infant born by planned cesarean delivery may reflect the increase in asthma-related illness or the avoidance of the physiological stress of labor, because cortisol-mediated organ maturation may facilitate response to future illness. However, the association with offspring death may be confounded by suspected fetal compromise leading to cesarean delivery. Because such deaths are likely to occur in the first year of life, our analysis of risk of death up to age 1 year allowed exploration of this possibility. No increased risk of death was identified up to age 1 year, which, although potentially attributable to the small number of events, does not support that our results are confounded by indication. Therefore, mode of birth as a risk factor for offspring death cannot be ruled out.
Findings in Context of Existing Literature
The 22% increased risk of asthma identified following planned cesarean delivery compared with vaginal birth (3.8% vs 3.5%, respectively) is consistent with the magnitude of effect reported by others. However, previous retrospective studies have had limited confounder data, eg, on breastfeeding and maternal smoking, and prospective studies have lacked precision because of small sample size or have not differentiated between planned and unscheduled cesarean deliveries. 12, [31] [32] [33] To our knowledge, an increased risk of type 1 diabetes in offspring born by planned cesarean delivery compared with unscheduled cesarean delivery has not been reported. The lack of association between planned cesarean delivery and type 1 diabetes when compared with vaginal birth is consistent with findings of a large retrospective sibling analysis 34 but conflicts with previous studies, which were limited by risk of bias by study design or confounding by factors including breastfeeding. 15 The lack of association between planned cesarean delivery and offspring obesity is in keeping with published studies that have separated planned from unscheduled cesarean delivery. 35 This likely reflects that data sets that discriminate between cesarean delivery types contain more extensive confounder data, allowing adjustment for these confounders. recorded on a hospital administrative data system, screening data set, death record, or community prescribing record and subsequently recorded on a national cancer registry; death indicates a death recorded through mandatory national reporting system; obesity at age 5 years reflects a body mass index exceeding the 95th centile for age; salbutamol at age 5 years indicates that a prescription for salbutamol inhaler has been issued for the offspring during the calendar year in which they turned 5 years old. b Adjusted for maternal salbutamol prescription.
Our findings demonstrate no association between planned cesarean delivery and childhood cancer, supporting the findings of a Scandinavian registry study of more than 7 million offspring, in which risk of any childhood cancer following planned cesarean delivery was no different from that following vaginal birth. 28 Increased risk of offspring death following planned cesarean delivery compared with vaginal birth (0.4% vs 0.3%) is consistent with findings of a prospective WHO study of neonatal mortality. The WHO reported an increased risk following planned cesarean delivery, which was robust to multivariate adjustment and sensitivity analyses testing associations with indication for cesarean delivery. 37 
Strengths and Limitations
The study has a number of strengths. The population-based cohort design minimized risk of selection bias, and use of routinely collected data avoided measurement bias. Data on multiple important covariates helped to control for confounding. Only first-born offspring were included, which avoided risk of confounding by either birth order or parity-related complications of pregnancy. The ability to discriminate between planned and unscheduled cesarean delivery allowed exploration of the potential for exposure to labor to offer protection against adverse outcomes, as some degree of labor frequently precedes unscheduled cesarean delivery. The large sample size helped to achieve sufficient power to assess risk of asthma-related illness and obesity, and the findings regarding risk of rarer outcomes, while less precise, may still be informative.
The study has some limitations, including potential bias and unmeasured confounding, risk of misclassification of cesarean delivery type, missing data, and risk of type 1 error. Maternal education, ethnicity, and indication for cesarean delivery may confound the relationships studied, although we are unaware of specific indications for planned cesarean delivery that affect risk of offspring asthma or type 1 diabetes. 38 Additional factors related to planned cesarean delivery, such as administration of intravenous antibiotics, also may have affected the outcomes measured. Potential ambiguity regarding "unspecified" cesarean delivery classified as "unscheduled" cesarean delivery was considered to pose minimal risk, because respective rates of planned and unscheduled cesarean delivery were comparable with those reported within individual Scottish hospitals. 39 Loss to follow-up attributable to emigration from Scotland was considered unlikely to affect study findings, because migration is not known to be linked to both mode of birth and the outcomes studied. A substantial proportion of missing data on covariates is acknowledged as a limitation but was largely overcome by using multiple imputation to facilitate inclusion of all valid cases in adjusted models, maximizing study power. Comparison of the multivariable analyses obtained using imputed data with data from complete cases demonstrated that the former detected more statistically significant associations, likely reflecting increased sample size. Although all outcomes were determined a priori, the performance of multiple comparisons to assess secondary outcomes increased the risk of type 1 error. We recognize the potential for systematic bias from knowledge of mode of birth to influence surveillance of offspring health. Use of an unrelated outcome, such as radial fracture, may have been useful in excluding bias in this context. Such an analysis may have increased confidence in our findings but was not part of our analysis plan, so no suitable variable was present in our data set. A prespecified plan to include a similar control outcome, adjusting for relevant confounders, is recommended for future related studies.
Last, the risk of surveillance bias merits further discussion. Women undergoing planned cesarean delivery may be more likely to share information about their offspring with health professionals compared with women in the comparison groups, leading to greater recognition of chronic health conditions.
Clinical and Research Implications
Despite the study limitations, the findings suggest that avoidance of vaginal birth may be an important early-life factor in the growing global burden of asthma, although absolute increase in risk to individuals is low. Health professionals and women considering planned cesarean delivery should be made aware of this. However, the magnitude of risk is such that in the presence of a medical indication for cesarean delivery, the apparent risk to offspring health is unlikely to justify a plan for vaginal birth.
Until indications for cesarean delivery can be fully accounted for and cause of mortality measured, it would be premature to assume that planned cesarean delivery increases the risk of death in childhood-but given the consistency of findings from published studies, it is important to investigate this further.
Conclusions
Among offspring of women with first births in Scotland between 1993 and 2007, planned cesarean delivery compared with vaginal delivery (but not compared with unscheduled cesarean delivery) was associated with a small absolute increased risk of asthma requiring hospital admission, salbutamol inhaler prescription at age 5 years, and all-cause death by age 21 years. Further investigation is needed to understand whether the observed associations are causal.
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